Introduction {#section1-1179069518798628}
============

*Caenorhabditis elegans* has several advantages for being used as a model organism to study animal behavior.^[@bibr1-1179069518798628]^ The connectivity between the neurons of the nematode was the first complete connectome published for any nervous system.^[@bibr2-1179069518798628],[@bibr3-1179069518798628]^ The analysis of the neural circuitry allows for detailed models of how neurons function together to generate behavior.^[@bibr4-1179069518798628]^ The hermaphrodite has exactly 302 neurons and 56 glial cells, and unlike most living systems, the number of somatic cells is invariable with 959 somatic cells in total. This fact makes it possible to know the lineage history of each cell, allowing the study of the origin of the 118 morphologically distinct neuron classes during development.^[@bibr5-1179069518798628]^ From a molecular point of view, there are several similarities between the nervous system of *C elegans* and mammals.^[@bibr6-1179069518798628],[@bibr7-1179069518798628]^ The nematode uses various neuromodulators, including monoamines (dopamine and serotonin) and several neuropeptides.^[@bibr8-1179069518798628]^ Furthermore, the 83% of the *C elegans* proteome is orthologous to the vertebrate's proteome.^[@bibr9-1179069518798628]^ This information, together with practicable genetic advantages, a basic anatomy, and different behavioral assays, makes *C elegans* a valuable model for studying basic behavioral mechanisms.^[@bibr1-1179069518798628],[@bibr10-1179069518798628][@bibr11-1179069518798628]-[@bibr12-1179069518798628]^ Furthermore, the nematode is used to understand the mechanisms of transgenerational epigenetic inheritance.^[@bibr13-1179069518798628]^

The atypical antipsychotics risperidone and aripiprazole have been reported to be efficacious in treating aggression, self-injurious behavior, and severe tantrums in children and adolescents.^[@bibr14-1179069518798628],[@bibr15-1179069518798628]^ Both medications are FDA (Food and Drug Administration) approved in children and adolescents between 6 and 17 years old. Although second-generation or atypical antipsychotic drugs were developed to reduce the frequency of extrapyramidal syndrome,^[@bibr16-1179069518798628]^ there is still a frequent risk of adverse effects in children and adolescents taking risperidone or aripiprazole. A Bayesian meta-analysis study with children and adolescents treated with risperidone or aripiprazole showed that both increased the risk of somnolence/sedation and produced an increase in weight gain.^[@bibr17-1179069518798628]^ In addition, risperidone increased prolactinemia and glucose levels, and aripiprazole augmented the risk of extrapyramidal syndrome.^[@bibr17-1179069518798628]^

Binding studies in vitro showed that as an antagonist, risperidone had high affinity for serotonin 5-HT2, dopamine D2, α~1~ and α~2~ adrenergic, and H1 histaminergic receptors.^[@bibr18-1179069518798628]^ Aripiprazole exhibited partial agonist properties over dopamine D2 receptor and had serotonin 5-HT1A-receptor partial agonist as well as 5-HT2A-receptor antagonist properties.^[@bibr19-1179069518798628]^ Therefore, these drugs exhibit complex mechanisms in their interaction with the nervous system which in several ways remain unknown.

In this article, we study the effect of risperidone and aripiprazole on the gentle touch response and the pharyngeal pumping rate of *C elegans*. These neuromuscular behaviors are linked to dopamine and serotonin neurotransmission, respectively. These drugs, like others targeting biogenic amine receptors, were developed with humans in mind and may not interact in the same way with the nematode receptors.^[@bibr20-1179069518798628]^ Previous studies have shown that risperidone influenced growth of the nematode^[@bibr21-1179069518798628]^ and that risperidone and aripiprazole produced alterations in the development of some of its neurons.^[@bibr22-1179069518798628]^ Our results show that both drugs alter the behavioral patterns in the wild-type strain.

In addition, we analyzed the effect of risperidone and aripiprazole in different *dop-* and *ser-* mutants, including *dop-2, dop-3*, and *ser-1* because they encode receptors with the highest percentage of similarity with the main target genes described for these antipsychotics in humans. These receptors belong to a super-family of 7-transmembrane G protein--coupled receptors orthologous to *D2, 5-HT*, and adrenergic α-2A human receptors.

In human and mice, risperidone is associated with a decrease in histone acetylation at the GRM2 promoter.^[@bibr23-1179069518798628]^ In relation to this observation, we found that the effects of risperidone and aripiprazole on gentle touch response and pharyngeal pumping behaviors remained, to some extent, in successive generations. Treatment with sodium butyrate (SB) or dauer larvae passage indicates that epigenetic mechanisms could be involved.

Materials and Methods {#section2-1179069518798628}
=====================

Experimental design {#section3-1179069518798628}
-------------------

The experimental design is summarized in [Table 1](#table1-1179069518798628){ref-type="table"}.

###### 

Experimental design.

![](10.1177_1179069518798628-table1)

  ----------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Worm strains                              N2 wild-type strain.\
                                            Serotonin, dopamine, and tryptamine receptor-deficient mutants.

  Worm synchronization                      L4 larval stage synchronized by egg laying and bleaching methods.

  Risperidone and aripiprazole NGM plates   Eggs or L1 larvae from bleaching method were incubated on NGM plates with 150 and 300 µM risperidone or aripiprazole + 1% DMSO until they reached L4 stage. Control plates NGM + 1% DMSO.

  Behavioral assays                         Gentle touch response and pharyngeal pumping rate were measured when worms reached L4 stage. In all cases, at least 3 independent experiments were performed with no less than 10 worms each.

  Transgenerational assays                  Eggs or L1 larvae from N2 wild type were incubated on NGM plates with risperidone or aripiprazole (300 µM + 1% DMSO) until they reached L4 stage. Then, behavioral assays were accomplished.\
                                            When L4 worms reached gravid adult stage, they were placed on NGM plates without drugs. After egg laying, behavioral assays were performed at L4 stage. Up to 3 generations were analyzed.\
                                            The same procedure was performed in the presence of sodium butyrate (1 mM), a histone deacetylase inhibitor, or by induction of dauer stage by starvation.

  Statistical analysis                      Comparisons in each experiment were done by 1-way analysis of variance using SPSS statistical tool.
  ----------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: DMSO, dimethyl sulfoxide; NGM, Nematode Growth Medium.

Strains and maintenance {#section4-1179069518798628}
-----------------------

All nematodes were grown and maintained at 20°C seeded with OP50 under standard conditions on Nematode Growth Medium (NGM) agar plates as described previously.^[@bibr1-1179069518798628]^

The wild-type reference animals for all cases are the N2 Bristol strain. The following strains were used in this work: **LX645**:*dop-1(vs100)X*, **LX702**:*dop-2(vs105)V*, **LX703**:*dop-3(vs106)X*, **LX706**:*dop-1(vs100)X;dop-2(vs105)V*, **LX705**: *dop-1(vs100)X;dop-3(vs106)X*, **LX704**:*dop-2(vs105)V;dop-3(vs106)X*, **LX734**:*dop-1(vs100)X;dop-2(vs105)V;dop-3(vs106)X*, **DA1814**:*ser-1(ok345)X*, and **OH313**:*ser-2(pk1357)X*. The OP50 *Escherichia coli* strain and all the nematode strains were obtained from the Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN, USA).

The behavioral assays were performed with synchronized worms at the L4 larval stage, identifiable by a white crescent-shaped mark in the vulval region. The larval developmental stage was determined using a ZEISS Discovery V8 Stereo Microscope with a cold light source. Synchronized worms were obtained by 2 different methods, eggs laying and bleaching. The eggs laying strategy consisted in picking about 15 gravid worms, incubate them at 20°C in NGM agar plates, and after the eggs were laid the adults were removed from the plate after 24 hours. Then, the progeny was allowed to grow until the L4 stage for performing the experiments. The second method consisted in bleaching of gravid adult worms.^[@bibr24-1179069518798628]^ Worms are sensitive to bleach, but the eggs are protected by their shells. After the treatment with an alkaline hypochlorite solution (2.5 mL NaOH 1N + 1 mL bleach 4%), the eggs were washed and incubated in M9 buffer. This allows hatching but avoids development after the L1 larvae stage. These L1 stage stocks were used in the next 24 to 48 hours to grow the worms synchronously on NGM plates until the L4 stage for performing the behavioral experiments.

Risperidone and aripiprazole assays {#section5-1179069518798628}
-----------------------------------

Risperidone powder (Adooq Bioscience LLC, Irvine, CA, USA, and a gift from Janssen-Cilag S.A., Madrid, Spain) and aripiprazole powder (Adooq Bioscience LLC) were diluted in dimethyl sulfoxide (DMSO) to obtain a stock solution (30 mM). From here, NGM agar plates with risperidone and aripiprazole, 150 and 300 µM, were obtained with a final concentration of 1% DMSO. Risperidone and aripiprazole were added into melted autoclaved NGM agar at around 40°C to 50°C. The control plates without the antipsychotics were prepared with 1% of DMSO. Eggs or synchronized L1 larvae stocks of each strain were seeded in these plates, and when they developed to the late L4 larval stage, they were tested for gentle touch response and pharyngeal pumping rate.

Behavioral assays {#section6-1179069518798628}
-----------------

All the behavioral assays were performed with worms in L4 stage. For each experimental condition, at least 3 independent experiments with at least 10 worms of each strain were performed. The behavioral assays were performed blind to genotype and treatments in an acclimatized laboratory room at 20°C.

### Gentle touch response assay {#section7-1179069518798628}

This assay was performed using an eyebrow hair attached to a Pasteur pipette. The phenotype was tested by gently stocking the worm 10 times with the eyebrow hair alternating the anterior (just behind the pharynx) and posterior (just before the anus) parts of the body. The 10 touches were made without pause. The interval between each touch was approximately 1 second. A positive response was scored when the animal moved backward (induced by anterior stimulus) or forward (induced by posterior stimulus).^[@bibr25-1179069518798628],[@bibr26-1179069518798628]^

### Pharyngeal pumping assay {#section8-1179069518798628}

Pharyngeal pumping was quantified by counting the number of pharyngeal contractions of individual L4 hermaphrodite worms grown on NGM plates and seeded with OP50. To count the pumping, individual worms were recorded for 30 seconds focusing on the pharynx. The video recording was followed by offline analysis in slow motion (at a speed 5 times slower) counting 10 seconds in each individual worm. Then, the data were extrapolated to pumps per minute.

Transgenerational assays {#section9-1179069518798628}
------------------------

Synchronized L1 worms obtained from the bleaching method were placed on seeded NGM control plates (NGM + 1% DMSO) and NGM test plates (300 µM risperidone or 300 µM aripiprazole + 1% DMSO) and allowed to lay eggs. The progeny developed in these media until the late L4 larval stage or to the gravid adult stage. The L4 animals were assayed for gentle touch response and pharyngeal pumping rate. However, to analyze the behavior in the following generations without risperidone or aripiprazole, gravid adult animals after grown in media with the antipsychotic (risperidone and aripiprazole) were placed on seeded NGM plates without drugs and then allowed to develop to the late L4 larval stage or to the gravid adult stage. Again, the L4 animals were assayed for gentle touch response and pharyngeal pumping rate and the gravid adult animals were placed on seeded NGM plates without drugs and allowed again to develop to the late L4 larval stage or to the gravid adult stage. This procedure was repeated consecutively.

SB assays {#section10-1179069518798628}
---------

Sodium butyrate powder (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in water to obtain a stock concentration of 100 mM and added to melted NGM medium at 40°C to 50°C to get a final concentration of 1 mM and then poured into plates. L1 worms obtained from bleaching of gravid adults coming from NGM + risperidone plates (300 µM risperidone + 1% DMSO) or NGM + aripiprazole (300 µM + 1% DMSO) were placed or seeded in NGM plates with SB. Then, they were allowed to develop to the late L4 larval stage and tested for gentle touch response and pharyngeal pumping rate.

Dauer stage assays {#section11-1179069518798628}
------------------

L1 worms from adults grown in the presence of risperidone or aripiprazole, obtained from the bleaching method, were placed on NGM plates without antipsychotic and seeded with OP50 bacteria and grown until late L4 larval stage (first generation of transgenerational study, n = 1). Then, they were tested for gentle touch response and pharyngeal pumping rate. Alternatively, L1 worms were placed on NGM plates without bacteria to induce the dauer stage by starvation. Later, the dauer larval stage animals were placed on NGM plates seeded with OP50 bacteria and allowed to develop to the late L4 larval stage. Then, they were assayed for gentle touch response and pharyngeal pumping rate.

Statistical analysis {#section12-1179069518798628}
--------------------

Comparisons shown in each experiment were done by 1-way analysis of variance (ANOVA) using SPSS statistical tool. For comparing the wild type with the mutant strains, we performed the 1-way ANOVA with all the strains and then corrected using the Bonferroni post hoc test. In the case of treatment with risperidone and aripiprazole, a separate 1-way ANOVA was run to test statistical differences of the drugs' effects in each strain.

Results {#section13-1179069518798628}
=======

Risperidone and aripiprazole alter the touch response in N2 wild-type animals {#section14-1179069518798628}
-----------------------------------------------------------------------------

When the nematode detects a physical stimulus using an eyebrow hair to stimulate the anterior or posterior part of its body, it changes the direction of movement by going backward or forward, respectively.^[@bibr26-1179069518798628]^ In standard conditions, the worm responds 10 times consecutively, alternating gentle touch in the anterior and posterior parts of the body.

As both antipsychotics were insoluble in water, to test whether risperidone and aripiprazole were able to change the response to gentle touch they were solubilized in DMSO. Concentrations higher than 350and 450 µM for risperidone and aripiprazole, respectively, were not possible to test because of solubility problems and because DMSO at concentrations higher than 1% was toxic and disturbed the behavior.

[Figure 1](#fig1-1179069518798628){ref-type="fig"} shows that risperidone and aripiprazole reduce the mechanosensory response capability in the N2 wild-type strain. Concentrations higher than 300 µM of both antipsychotics did not significantly decrease the touch response ([Figure 1](#fig1-1179069518798628){ref-type="fig"}). We also analyzed whether there were differences in the response to gentle touch in the anterior and posterior parts of the body. We found that risperidone or aripiprazole makes the worms fail to respond, mainly to touch in the anterior part of the body ([Figure 2](#fig2-1179069518798628){ref-type="fig"}).

![Effect of risperidone and aripiprazole in gentle touch response of *Caenorhabditis elegans.* Gentle touch response of the N2 wild-type strain was performed either without or with 1% DMSO, and in the presence of different micrometer concentrations of (A) risperidone (Risp) or (B) aripiprazole (Ari) in 1% DMSO. Data were analyzed as the number of positive responses to 10 alternative gentle touches in the anterior and the posterior parts of the body. At least 3 independent experiments were performed with no less than 10 L4 worms per experiment. Bars represent the mean ± SEM. The comparisons were done using 1-way analysis of variance between "N2 + DMSO" and N2 treated with risperidone or aripiprazole at different concentrations.\
Statistical *P* values: \*\**P* \< .01; \*\*\**P* \< .001.](10.1177_1179069518798628-fig1){#fig1-1179069518798628}

![Anterior and posterior gentle touch responses in the presence of risperidone or aripiprazole. Gentle touch response of N2 wild-type strain was performed with 1% DMSO (control, light color), and in the presence of 300 μM of (A) risperidone (Risp) or (B) aripiprazole (Ari) in 1% DMSO (dark color). In the absence of the drugs (light color), control worms respond 5 times alternatively and consecutively to gentle touch in the anterior (1, 3, 5, 7, and 9) and posterior parts of the body (2, 4, 6, 8, and 10). In the presence of 300 µM of antipsychotic (dark color) (A) risperidone or (B) aripiprazole, worms fail to respond significantly to the anterior touches (3, 5, 7, and 9). Data were quantified as percentage of animals responding to 10 alternative gentle touches in the anterior (touches 2, 4, 6, 8, and 10) and the posterior (touches 1, 3, 5, 7, and 9) part of the body. At least 3 independent experiments were performed (at least 10 L4 worms per experiment). Bars represent the mean ± SEM. The statistical analysis was performed comparing the response of each touch, 1, 3, 5, 7, and 9 (anterior part of the body) and 2, 4, 6, 8, and 10 (posterior part of the body), in the absence (light color) and presence (dark color) of the antipsychotic. Statistical significance was calculated by 1-factor analysis of variance.\
Statistical *P* values: \*\*\**P* \< .001; \*\**P* \< .01; \**P* \< .05 vs "control."](10.1177_1179069518798628-fig2){#fig2-1179069518798628}

Comparative effect of risperidone and aripiprazole in the gentle touch response in different dop- and ser- knockout strains of C elegans {#section15-1179069518798628}
----------------------------------------------------------------------------------------------------------------------------------------

To further investigate the underlying mechanism of the effect of risperidone and aripiprazole in gentle touch response, we studied this behavior in different *dop*- and *ser*- knockout mutants. [Table 2](#table2-1179069518798628){ref-type="table"} shows that *dop-1, dop-2*, and *dop-3* single mutants, *dop-1; dop-2, dop-1; dop-3*; and *dop-2; dop-3* double mutants, and *dop-1; dop-2; dop-3* triple mutants have a reduced gentle touch response in the absence of antipsychotics, in comparison with the N2 wild-type strain. In contrast, *ser-1* and *ser-2* mutants behave like the wild-type strain. Except *dop-3, dop-* and *ser-*mutants show a diminished response to gentle touch in the presence of risperidone, like the wild-type strain ([Table 3](#table3-1179069518798628){ref-type="table"}). The importance of DOP-3 for the effects seen with risperidone was confirmed in double mutants *dop-1; dop-3* and *dop-2; dop-3* and in the triple mutant *dop-1; dop-2; dop-3*, where there was no apparent effect of the antipsychotic ([Table 3](#table3-1179069518798628){ref-type="table"}). These observations indicate that DOP-3 might be a target for risperidone.

###### 

Comparative effect in gentle touch response of wild-type and different mutant strains deficient in *dop-* and *ser-* genes^[a](#table-fn2-1179069518798628){ref-type="table-fn"},[b](#table-fn3-1179069518798628){ref-type="table-fn"}^.

![](10.1177_1179069518798628-table2)

  Strain (I)    Strain (J)                     Mean difference (I-J)   *P* value^[c](#table-fn4-1179069518798628){ref-type="table-fn"}^
  ------------- ------------------------------ ----------------------- ------------------------------------------------------------------
  N2 (n = 80)   *dop-1* (n = 90)               0.40                    .033[\*](#table-fn4-1179069518798628){ref-type="table-fn"}
                *dop-2* (n = 90)               0.56                    .001[\*\*\*](#table-fn4-1179069518798628){ref-type="table-fn"}
                *dop-3* (n = 80)               0.48                    .004[\*\*](#table-fn4-1179069518798628){ref-type="table-fn"}
                *dop-1;dop-2* (n = 50)         0.74                    .001[\*\*\*](#table-fn4-1179069518798628){ref-type="table-fn"}
                *dop-1;dop-3* (n = 50)         1.23                    .001[\*\*\*](#table-fn4-1179069518798628){ref-type="table-fn"}
                *dop-2;dop-3* (n = 50)         1.30                    .001[\*\*\*](#table-fn4-1179069518798628){ref-type="table-fn"}
                *dop-1;dop-2;dop-3* (n = 50)   2.27                    .001[\*\*\*](#table-fn4-1179069518798628){ref-type="table-fn"}
                *ser-1* (n = 40)               −0.07                   1.00
                *ser-2* (n = 50)               −0.06                   1.00

Gentle touch assays comparing the response between the N2 wild-type strain and single-, double-, and triple-mutant strains in NGM agar plates with 1% DMSO.

Bonferroni post hoc analysis after 1-way analysis of variance (sum of squares = 447.232; *df* = 9; *F* = 45.239; *P* = .001) of the wild-type N2 and each mutant strain.

Statistical *P* values: \**P* \< .1; \*\**P* \< .01; \*\*\**P* \< .001.

###### 

Comparative effect of risperidone in gentle touch response of wild-type and different mutant strains deficient in *dop-* and *ser-* genes^[a](#table-fn5-1179069518798628){ref-type="table-fn"},[b](#table-fn6-1179069518798628){ref-type="table-fn"}^.

![](10.1177_1179069518798628-table3)

  Strain                                                                 Sum of sq.   *df*   *F*      *P* value^[b](#table-fn6-1179069518798628){ref-type="table-fn"}^
  ---------------------------------------------------------------------- ------------ ------ -------- ------------------------------------------------------------------
  N2 (n = 80)/N2 + risp (n = 80)                                         224.16       1      305.52   .001[\*\*\*](#table-fn7-1179069518798628){ref-type="table-fn"}
  *dop-1* (n = 90)*/dop-1*+ risp (n = 90)                                68.17        1      58.72    .001[\*\*\*](#table-fn7-1179069518798628){ref-type="table-fn"}
  *dop-2* (n = 90)*/dop-2*+ risp (n = 90)                                71.40        1      61.13    .001[\*\*\*](#table-fn7-1179069518798628){ref-type="table-fn"}
  *dop-3* (n = 80)/*dop-3*+ risp (n = 80)                                6.16         1      8.14     .005[\*\*](#table-fn7-1179069518798628){ref-type="table-fn"}
  *dop-1; dop-2* (n = 50)/*dop-1; dop-2* + risp (n = 50)                 18.61        1      14.25    .001[\*\*\*](#table-fn7-1179069518798628){ref-type="table-fn"}
  *dop-1; dop-3* (n = 50)/*dop-1; dop-3* + risp (n = 50)                 6.01         1      3.58     .061
  *dop-2; dop-3* (n = 50)/*dop-2; dop-3* + risp (n = 50)                 6.50         1      3.42     .067
  *dop-1; dop-2; dop-3* (n = 50)/*dop-1; dop-2; dop-3* + Risp (n = 50)   0.24         1      0.13     .713
  *ser-1* (n = 40)/*ser-1* + risp (n = 40)                               32.05        1      95.76    .001[\*\*\*](#table-fn7-1179069518798628){ref-type="table-fn"}
  *ser-2* (n = 50)/*ser-2* + risp (n = 60)                               24.56        1      26.14    .001[\*\*\*](#table-fn7-1179069518798628){ref-type="table-fn"}

Gentle touch assays comparing the response between the N2 wild-type strain and single-, double-, and triple-mutant strains in NGM agar plates in the absence or presence of 300 µM risperidone (Risp).

One-way ANOVA analysis between each strain with and without risperidone.

Statistical *P* values: \*\**P* \< .01; \*\*\**P* \< .001.

Likewise, quantitative assays with aripiprazole for gentle touch response were also performed in strains of *C elegans* defective in *dop-* and *ser-* genes. [Table 4](#table4-1179069518798628){ref-type="table"} shows that the effect of aripiprazole on gentle touch response was annulled in *dop-1* and *dop-2* knockouts but not in the *dop-3* mutant. These results indicate that unlike risperidone, aripiprazole might interact with DOP-1 and DOP-2. Double and triple *dop-1, dop-2*, and *dop-3* mutants confirmed the results obtained with single defective strains ([Table 4](#table4-1179069518798628){ref-type="table"}). As in the case of risperidone, *ser-1* and *ser-2* mutants showed the same response of that in the wild-type strain.

###### 

Comparative effect of aripiprazole in gentle touch response of wild-type and different mutant strains deficient in *dop-* and *ser-* genes^[a](#table-fn8-1179069518798628){ref-type="table-fn"},[b](#table-fn9-1179069518798628){ref-type="table-fn"}^.

![](10.1177_1179069518798628-table4)

  Strain                                                                Sum of sq.   *df*   *F*      *P* value^[c](#table-fn10-1179069518798628){ref-type="table-fn"}^
  --------------------------------------------------------------------- ------------ ------ -------- -------------------------------------------------------------------
  N2 (n = 70)/N2 + ari (n = 70)                                         95.83        1      109.85   .001[\*\*\*](#table-fn10-1179069518798628){ref-type="table-fn"}
  *dop-1* (n = 70)/*dop-1* + ari (n = 70)                               1.22         1      1.02     .314
  *dop-2* (n = 70)/*dop-2* + ari (n = 70)                               1.85         1      0.99     .321
  *dop-3* (n = 70)/*dop-3* + ari (n = 70)                               27.85        1      19.52    .001[\*\*\*](#table-fn10-1179069518798628){ref-type="table-fn"}
  *dop-1; dop-2* (n = 30)/*dop-1; dop-2* + ari (n = 30)                 3.26         1      2.16     .146
  *dop-1; dop-3* (n = 30)/*dop-1; dop-3* + ari (n = 30)                 0.41         1      0.15     .696
  *dop-2; dop-3* (n = 30)/*dop-2; dop-3* + ari (n = 30)                 0.60         1      0.35     .555
  *dop-1; dop-2; dop-3* (n = 30)/*dop-1; dop-2; dop-3 *+ ari (n = 30)   0.81         1      0.45     .503
  *ser-1* (n = 40)/*ser-1* + ari (n = 40)                               44.62        1      152.74   .001[\*\*\*](#table-fn10-1179069518798628){ref-type="table-fn"}
  *ser-2* (n = 40)/*ser-2* + ari (n = 40)                               34.66        1      69.24    .001[\*\*\*](#table-fn10-1179069518798628){ref-type="table-fn"}

Gentle touch assays comparing between the N2 wild-type strain and single-, double-, and triple-mutant strains in NGM agar plates in the absence or presence of 300 µM aripiprazole (Ari).

One-way ANOVA analysis between each strain with and without aripiprazole.

Statistical *P* values: \*\*\**P* \< .001.

Risperidone and aripiprazole modify the pharyngeal pumping rate in N2 wild-type animals {#section16-1179069518798628}
---------------------------------------------------------------------------------------

To study whether risperidone or aripiprazole had an effect in other different neuromuscular mechanisms of the worm, we investigated the pharyngeal pumping rate. Pharyngeal pumping consists of a cycle of muscular contraction and relaxation requiring sensory stimulation, response of the pharyngeal nervous system, and action of the pharyngeal muscles.^[@bibr27-1179069518798628]^ We examined the pharyngeal pumping in the absence and presence of risperidone or aripiprazole at a concentration of 300 µM. As in the case of the gentle touch response, both drugs induced a significant reduction in the number of pharyngeal pumping counts ([Figure 3](#fig3-1179069518798628){ref-type="fig"}).

![Effect of risperidone and aripiprazole in pharyngeal pumping rate of *Caenorhabditis elegans.* Pharyngeal pumping rate of the N2 wild-type strain was measured either in the absence (1% DMSO) or presence of 300 µM concentrations of risperidone or aripiprazole. The number of pharyngeal pumps in a minute was counted in slow motion. At least 3 independent experiments were performed with no less than 10 L4 worms per experiment. Bars represent the mean ± SEM. The comparisons were done using 1-way analysis of variance between "N2 + DMSO" and N2 treated with risperidone or aripiprazole. Statistical *P* values: \*\*\**P* \< .001; \*\**P* \< .01.](10.1177_1179069518798628-fig3){#fig3-1179069518798628}

Comparative effect of risperidone and aripiprazole in the pharyngeal pumping of knockout strains in ser-1 and ser-2 receptor genes of C elegans {#section17-1179069518798628}
-----------------------------------------------------------------------------------------------------------------------------------------------

Previously, it has been shown that the pharyngeal pumping rate of wild type and dopamine receptor loss-of-function *dop-1, dop-2*, and *dop-3* mutants were similar.^[@bibr28-1179069518798628]^ Likewise, the pharyngeal pumping rate of the wild-type strain treated with dopamine was undifferentiated from those of mock-treated animals.^[@bibr28-1179069518798628]^ Our results show that the *ser-1* and *ser-2* defective mutants displayed an impaired pharyngeal pumping rate compared with the wild-type strain ([Figure 3](#fig3-1179069518798628){ref-type="fig"}). The mutant *ser-1* was insensitive to the effect of risperidone ([Figure 4A](#fig4-1179069518798628){ref-type="fig"}). The results suggest that SER-1 could be a molecular target of risperidone in *C elegans*.

![Comparative effect of risperidone and aripiprazole in pharyngeal pumping rate of different mutant strains defective in *ser-1* or *ser-2* genes. Assays for pharyngeal pumping rate were compared between N2 wild-type strain and *ser-1* or *ser-2* defective mutant strains in the absence (1% DMSO) or presence of (A) 300 µM risperidone or (B) 300 µM aripiprazole. At least 3 independent experiments were performed with no less than 10 L4 worms per experiment. Bars represent the mean ± SEM. One-way analysis of variance was used to calculate the statistical significance (a) between the N2 wild type and each mutant strain and (b) between each strain with and without the antipsychotic ([Supplemental Tables 1 and 2](http://journals.sagepub.com/doi/suppl/10.1177/1179069518798628)). Statistical *P* values: \*\*\**P* \< .001.](10.1177_1179069518798628-fig4){#fig4-1179069518798628}

Unlike risperidone, aripiprazole did not produce any apparent effect in the pharyngeal pumping of both *ser-1* and *ser-2* defective mutants ([Figure 4B](#fig4-1179069518798628){ref-type="fig"}). Therefore, aripiprazole might present an affinity for both the serotonin SER-1 and the tyramine SER-2 receptors.

Transgenerational epigenetic inheritance of impaired gentle touch assay and pharyngeal pumping induced by risperidone and aripiprazole {#section18-1179069518798628}
--------------------------------------------------------------------------------------------------------------------------------------

We analyzed whether the effect of risperidone and aripiprazole could be maintained in successive generations in the absence of the antipsychotics. The worms were grown in the presence of the drugs for 1 generation. After that, their effect on gentle touch response and pharyngeal pumping were studied over several generations in the absence of the antipsychotics. The effect of risperidone on the gentle touch response was preserved in 2 successive generations in the absence of the drug ([Figure 5A](#fig5-1179069518798628){ref-type="fig"}). In the case of aripiprazole, no transgenerational effect was observed ([Figure 5B](#fig5-1179069518798628){ref-type="fig"}). Different results were obtained regarding the pharyngeal pumping rate. The effect of risperidone did not remain in a single generation ([Figure 6A](#fig6-1179069518798628){ref-type="fig"}), whereas in the case of aripiprazole, its effect was maintained in one successive generation ([Figure 6B](#fig6-1179069518798628){ref-type="fig"}).

![Transgenerational epigenetic inheritance of the effect of risperidone and aripiprazole in the gentle touch response. Transgenerational effect of the (A) risperidone or (B) aripiprazole on gentle touch response in the N2 wild-type strain after several generations (n) in the absence of the antipsychotics. Sodium butyrate (1 mM) or passing the worms through the dauer stage after antipsychotics exposure rescues the impaired effect in gentle touch response. At least 3 independent experiments were carried out with no less than 10 L4 worms per experiment. Bars represent the mean ± SEM. One-way analysis of variance was used to calculate the statistical significance ([Supplemental Tables 3 and 4](http://journals.sagepub.com/doi/suppl/10.1177/1179069518798628)). Statistical *P* values: \*\*\**P* \< .001.](10.1177_1179069518798628-fig5){#fig5-1179069518798628}

![Transgenerational epigenetic inheritance of the effect of risperidone and aripiprazole in the pharyngeal pumping rate. Transgenerational effect of the (A) risperidone or (B) aripiprazole on pharyngeal pumping rate in the N2 wild-type strain after several generations (n) in the absence of the antipsychotics. Sodium butyrate (1 mM) or passing the worms through the dauer stage after antipsychotics exposure rescues the impaired effect in pharyngeal pumping rate. At least 3 independent experiments were performed with no less than 10 L4 worms per experiment. Bars represent the mean ± SEM. One-way analysis of variance was used to calculate the statistical significance ([Supplemental Tables 5 and 6](http://journals.sagepub.com/doi/suppl/10.1177/1179069518798628)). Statistical *P* values: \*\*\**P* \< .001.](10.1177_1179069518798628-fig6){#fig6-1179069518798628}

To determine whether risperidone and aripiprazole were inducing epigenetic markers in the worm, we studied whether the histone deacetylase (HDAC) inhibitor SB had any effect on the results. We found that SB (1 mM) abolished the transgenerational effect of risperidone and aripiprazole in the reduction of gentle touch response ([Figure 5](#fig5-1179069518798628){ref-type="fig"}) and pharyngeal pumping rate ([Figure 6](#fig6-1179069518798628){ref-type="fig"}). These results suggest that the antipsychotics may be inducing epigenetic changes.

In the *C elegans* dauer stage, the aging clock is paused and reversed by environmental factors. This event suggests that there is a series of epigenetic mechanisms that could cause drastic changes in gene expression.^[@bibr29-1179069518798628]^ In a favorable environment, there would be a reprogramming of gene expression to activate metabolism and erasing of the epigenetic signature. For this reason, we tested whether the worms recovered the wild-type phenotype response to risperidone and aripiprazole when they pass through the dauer larval stage after growing in media with the antipsychotics. We observed that after passing through the dauer larval stage, the transgenerational effect of risperidone and aripiprazole was eliminated for both the gentle touch response ([Figure 5](#fig5-1179069518798628){ref-type="fig"}) and pharyngeal pumping rate ([Figure 6](#fig6-1179069518798628){ref-type="fig"}).

Discussion {#section19-1179069518798628}
==========

Risperidone and aripiprazole reduce the gentle touch response in C elegans {#section20-1179069518798628}
--------------------------------------------------------------------------

The neurons involved in the detection of gentle mechanical stimuli are well characterized in *C elegans*. In the gentle touch response, sensory neurons detect and transmit mechanical stimuli by ionic currents to a neural circuit that produces a locomotory response.^[@bibr30-1179069518798628]^ In this circuit, the AVM and ALM neurons exhibit activity in response to touch in the anterior part of the body between the nose and midbody. The PVM and PLM neurons respond to touch in the posterior part of the body between the midbody and the tail.^[@bibr31-1179069518798628]^ Both ALM and PLM neurons have been shown to express the *dop-1* receptor gene.^[@bibr32-1179069518798628]^ Our results show that both risperidone and aripiprazole reduced the capability of the N2 wild type to react to gentle touch ([Figure 1](#fig1-1179069518798628){ref-type="fig"}). These antipsychotics are antagonists^[@bibr33-1179069518798628]^ and partial agonists^[@bibr34-1179069518798628]^ of the human DRD2 dopamine receptor, respectively. *Caenorhabditis elegans* has 2 orthologues, DOP-2 and DOP-3, for the DRD2 receptor. Therefore, the binding of these drugs to DOP receptors could inhibit the function of the dopaminergic system that regulates the mechanosensory behavior.

The worms failed to respond mainly in the anterior part of the body in the presence of risperidone or aripiprazole ([Figure 2](#fig2-1179069518798628){ref-type="fig"}). Previous experiments showed that the head touch circuit habituated more rapidly to the tap response than the tail touch circuit.^[@bibr35-1179069518798628]^ Dopamine seems to play a role in the ALM (anterior) touch neurons and not in the PLM (posterior) touch neurons.^[@bibr36-1179069518798628]^ Regarding this observation, it has been reported that DOP-2 functions as a dopamine receptor to modulate anterior touch habituation.^[@bibr37-1179069518798628]^ Although our experiments agree with these observations, we do not know whether the effect of the antipsychotics on touch response can be interpreted as a decreased sensitivity to stimuli instead of habituation. In fact, it was shown that posterior touch can inhibit tap-induced anterior reversal response,^[@bibr38-1179069518798628]^ indicating that the 2 circuits can interact, and therefore it is possible that the response to touch in the anterior part of the body could be influenced by the posterior touches in the presence of the antipsychotics. Another possibility is that as risperidone and aripiprazole have been found to produce effects on neuronal development, including ALM neuroblast migration and PLM axonal outgrowth in *C elegans*,^[@bibr22-1179069518798628]^ the reduced effect in the touch response could be due to defects in the wiring of the circuit in worms reared on the drug.

Comparative effect of risperidone and aripiprazole in the gentle touch response in C elegans knockout strains in different dop- and ser- receptor genes {#section21-1179069518798628}
-------------------------------------------------------------------------------------------------------------------------------------------------------

Quantitative assays with risperidone for gentle touch response were performed in different strains of *C elegans* defective in genes encoding DOP-1, DOP-2, DOP-3, SER-1, and SER-2 receptors. The results of [Table 2](#table2-1179069518798628){ref-type="table"} show that SER-1 and SER-2 are presumably not involved in the gentle touch response, whereas dopamine receptors DOP-1^[@bibr32-1179069518798628],[@bibr36-1179069518798628],[@bibr39-1179069518798628]^ and DOP-2^[@bibr37-1179069518798628]^ as previously described, as well as DOP-3 are all involved because a reduction in the gentle touch response is observed in the 3 mutants. Only the *dop-3* single mutant has a reduced effect of risperidone in the gentle touch response ([Table 3](#table3-1179069518798628){ref-type="table"}). Although knockout of *dop-1* and *dop-2* genes have no effect on risperidone action, double mutants with *dop-3* showed that DOP-1 and DOP-2 can also interact with risperidone to some extent. However, in the case of aripiprazole, DOP-1 and DOP-2 seem to be the main receptors involved in its mechanism of action ([Table 4](#table4-1179069518798628){ref-type="table"}).

DOP-1 is classified as a D1-type receptor, whereas DOP-2 and DOP-3 are classified as D2-type receptors.^[@bibr40-1179069518798628]^ Risperidone has affinity for human D1 and D2 receptors.^[@bibr41-1179069518798628]^ Aripiprazole not only interacts mainly with human D2 receptors but also is able to bind with low affinity to the D1 receptor.^[@bibr34-1179069518798628]^ Therefore, these results are partially in agreement with the mechanism of action proposed in humans. It was expected that the D2-type, *dop-2* and *dop-3* deficient mutants would be less sensitive to aripiprazole because in human the D2 receptor is the main target of this drug.

Risperidone and aripiprazole reduce the pharyngeal pumping counts in C elegans {#section22-1179069518798628}
------------------------------------------------------------------------------

The neuromuscular mechanism of the pharyngeal pumping depends on serotonin, octopamine, and tyramine.^[@bibr42-1179069518798628],[@bibr43-1179069518798628]^ It is comparatively different from the gentle touch response that depends on dopamine.^[@bibr28-1179069518798628],[@bibr44-1179069518798628]^ The neuromuscular pump of the worm connects the mouth with the intestine.^[@bibr45-1179069518798628]^ After the pharyngeal muscle has sucked in bacteria by pumping, they are transported through the gut by isthmus peristalsis. The timing of normal rapid feeding is controlled by specific pharyngeal motor neurons.^[@bibr27-1179069518798628]^

Our results indicate that risperidone and aripiprazole may interact specifically with SER-1, an orthologue of HTR2C, a human serotonin receptor. It seems that the effect of risperidone and aripiprazole are *ser-1* dependent because there was no effect of these drugs when SER-1 is not functional. The results also indicate that aripiprazole, but not risperidone, seems to bind SER-2, a tyramine receptor^[@bibr46-1179069518798628]^ orthologue of ADRA2A, a human adrenoreceptor α-2A.

Transgenerational epigenetic inheritance of impaired gentle touch response and pharyngeal pumping rate induced by risperidone and aripiprazole {#section23-1179069518798628}
----------------------------------------------------------------------------------------------------------------------------------------------

Recently, it has been shown that temperature changes can induce transgenerational information in *C elegans* that can last for 14 generations.^[@bibr47-1179069518798628]^ This epigenetic memory is associated with repression of *set-25* encoding the putative histone methyltransferase that trimethylates histone H3 lysine 9 (H3K9me3). This epigenetic marker is associated with genes that are not expressed or are expressed at very low levels.^[@bibr48-1179069518798628]^ Previously, we had shown that testosterone decreases the gentle touch response and its effect remained for 4 generations in the absence of the hormone.^[@bibr49-1179069518798628]^

It has been reported that risperidone downregulated the transcription of GRM2, which codes for the metabotropic glutamate 2 receptor.^[@bibr23-1179069518798628]^ This result was associated with a decrease in histone acetylation at the GRM2 promoter in the mouse and human frontal cortex. The efficacy of risperidone in schizophrenia was increased, if at the same time the treatment included valproate, a HDAC inhibitor.^[@bibr50-1179069518798628]^ The HDACs repress gene transcription because they remove acetyl groups of histone tails, compacting chromatin structure.

We studied whether risperidone and aripiprazole may induce changes in behavior that were transgenerationally inherited. The effect of these drugs on gentle touch response and pharyngeal pumping was different for the 2 antipsychotics ([Figures 5](#fig5-1179069518798628){ref-type="fig"} and [6](#fig6-1179069518798628){ref-type="fig"}). In the case of gentle touch response, the effect of risperidone lasted for 2 successive generations. In contrast, the effect on pharyngeal pumping of risperidone and aripiprazole was divergent. Thus, the effect of aripiprazole lasted for 1 generation, whereas no effect of risperidone was observed during the next generation in the absence of the drug.

These results suggest that both antipsychotic drugs could cause the deposition of epigenetic markers to a different extent and probably in different parts of the genome. These changes could not be due to m5C DNA methylation as no conventional DNA methyltransferase has been found in the genome of *C elegans*.^[@bibr51-1179069518798628]^ Therefore, other mechanisms could be involved, probably changes in chromatin histones.

Sodium butyrate inhibits HDACs in different organisms, including plants,^[@bibr52-1179069518798628]^ *Saccharomyces cerevisiae*,^[@bibr53-1179069518798628]^ mammalian cells,^[@bibr54-1179069518798628],[@bibr55-1179069518798628]^ *Drosophila*^[@bibr56-1179069518798628]^ and *C elegans*,^[@bibr55-1179069518798628],[@bibr57-1179069518798628]^ and therefore we studied whether SB had effects on our experiments.

Our results show that SB eliminates the transgenerational effect of both antipsychotic drugs on gentle touch response and pharyngeal pumping rate. Clinical studies have suggested that drugs such as valproate are effective when administrated chronically in combination with risperidone.^[@bibr58-1179069518798628]^ Valproate can function as a nonspecific HDAC inhibitor.^[@bibr50-1179069518798628]^ The HDAC eliminates acetyl groups from lysine residues in the N-terminal tails of histones and this produces chromatin condensation and silencing of gene expression.^[@bibr59-1179069518798628],[@bibr60-1179069518798628]^ Specifically, SB administration in tissues of mice increased the acetylation of histone H3 lysine 14 and histone H4 lysine 8.^[@bibr61-1179069518798628]^ Other clinical studies in patients with schizophrenia established that HDAC inhibitors are more efficient when they are administrated together with atypical antipsychotics because HDAC inhibitors avoid the repressive histone modifications at the mGlu2 promoter by risperidone, and it is thought that it is the cause of an increase in the therapeutic-like effects in this mental disorder.^[@bibr23-1179069518798628]^

There are mechanisms that can reset the epigenetic modifications of the genome.^[@bibr62-1179069518798628]^ Although the life expectancy of *C elegans* is only about 2 weeks, under unfavorable environmental conditions, such as in the absence of food, the developing larva can adopt a form of resistance (dauer larva). During this stage, which can last several months, the larva does not feed and metabolically is practically inactive.^[@bibr63-1179069518798628]^ The fact that the metabolism changes so drastically in the dauer larva and that environmental factors can reverse it suggests that there may be epigenetic factors regulating this process. On one hand, epigenetic markers will induce the repression of certain genes and, on the other hand, a reprogramming would take place erasing these markers when the worm leaves the dauer stage. In this scenario, it is possible that when the worm passes through the dauer stage, the epigenetic signals caused by risperidone and aripiprazole could be removed. This may be the reason why, after going through the dauer larva, the gentle touch response and pharyngeal pumping were like those of the control worms grown in the absence of antipsychotic drugs.

In conclusion, it is possible that risperidone and aripiprazole could trigger stable epigenetic changes. If this were the case, it would be interesting to further investigate what are the exact mechanisms that control the action of these drugs in the epigenome.
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